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We describe frequency stabilization of a laser at 707.202 nm wavelength using FM spectroscopy in
a hollow cathode lamp. The laser is stabilized to the 88Sr metastable 3P2 to
3S1 optical transition.
The stabilized laser is utilized for laser-cooling and trapping of strontium atoms. We also briefly
describe the performance of a polarization spectroscopy lock of our blue MOT laser at 461 nm
derived simultaneously from the same hollow cathode lamp.
Laser cooled and trapped strontium and other alkaline-
earth like atoms offer a rich internal structure that can
be readily manipulated using laser light. The many
metastable excited states have enabled a broad range of
new physics explorations including the most accurate and
precise clocks [1–3], studies of SU(N) symmetric scatter-
ing interactions [4, 5], and the engineering of synthetic
gauge fields for quantum simulations with cold atoms
[6]. It may be possible to use strontium atoms as the
gain medium for a new class of superradiant lasers with
frequency linewidths of order 1 mHz [7, 8].
In order to fully exploit strontium’s rich internal struc-
ture, one must stabilize the frequency of lasers used to
couple the internal levels, shown in Figure 1a. Here
we describe the stabilization of a grating laser to the
metastable 3P2 to
3S1 optical transition in
88Sr. The de-
scribed laser system has already been applied in recent
experiments in cavity-QED on a narrow forbidden tran-
sition [9]. In the future, it will be applied to a superradi-
ant laser to provide both optical pumping and continu-
ous polarization gradient and Raman sideband cooling of
the strontium atoms that will constitute the laser’s gain
medium [7].
Spectroscopic stabilization techniques for other wave-
lengths involved in the manipulation of strontium are
now well established. For transitions between the 1S0
electronic ground state and the 3P1 and
1P1 exited states,
a heat-pipe can be used to form a vapor with sufficient op-
tical depth for robust spectroscopy [10]. For stablization
to transitions between metastable excited and higher-
excited states, the thermal occupation of the metastable
state in a heat-pipe provides insufficient optical depth for
spectroscopy.
Here we employ a hollow-cathode lamp in which colli-
sions generate sufficient population in the metastable 3P2
state for spectroscopy. Such a hollow-cathode lamp has
been used to stabilize a laser to the 1S0 to
1P1 transition
[11]. To our knowledge, however, this paper represents
the first demonstration of the stabilization of a laser di-
rectly to an atomic transition in strontium that does not
involve the electronic ground state. We also briefly char-
acterize how the same hollow cathode lamp is used to
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simultaneously derive a polarization spectroscopy signal
for stabilizing the blue-MOT laser at 461 nm.
The 707 nm spectroscopy signal is used to frequency
stabilize a grating laser that is configured in Littrow
configuration. The laser consists of an AR coated
diode (Sacher Lasertechnik SAL-0705-020) and an 1800
lines/mm grating (Edmund Optics NT43-775) at approx-
imately 2 cm distance from the diode. A collimating
lens (Thorlabs C330TME-B, f=3.1mm, NA=0.68) is po-
sitioned to minimize the required lasing threshold current
to 32.5 mA. A fraction of the laser output is sent to the
spectroscopy setup by coupling into a polarization main-
taining fiber with polarizing beam cubes on the input
and output of the fiber to reduce slow polarization drifts
in the fiber.
A see-through hollow cathode lamp (Hamamatsu
L2783-38NE-SR with an EMCO HC2012 HV supply, cur-
rent set to 20 mA) is used to create a gas of stron-
tium atoms, some fraction of which are prepared by
the electron-collision process in the metastable excited
state 3P2, which at room temperature has a measured
lifetime of around 500 seconds [12]. The fiber output
is focused by a collimating lens (Thorlabs C110TME-
B, f=6.24 mm, NA=0.4) to generate counter propagat-
ing probe and pump beams with probe and pump waist
sizes at the hollow cathode lamp wpr = 160 µm and
wpu = 220 µm respectively. Both beams are horizon-
tally polarized. The probe and pump have 0.20 mW and
2.3 mW of power respectively as they pass though the
cathode. Approximately 0.08 mW of the probe light is
detected using a Hamamatsu S5972 photodiode (quan-
tum efficiency 84%) AC coupled to an AD8015 7 kΩ tran-
simpedance amplifier, with a 6.7 kΩ DC monitor path.
Figure 2a shows the fractional amount of probe power
detected in transmission as the laser frequency is slowly
swept through the Doppler broadened resonance, with
both the pump blocked (thin blue) and the pump un-
blocked (thick black). The horizontal frequency scale
is calibrated by injecting some of the laser light into a
Michelson interferometer and simultaneously recording
the interferometer fringes with spacing of 980(9) MHz.
The measurement bandwidth of a single trace is approx-
imately 2 kHz, and 100 traces are averaged for display
purposes. A Gaussian fit to the transmission gives an
rms 1 dimensional velocity for the atoms of 280(10) m/s
or an equivalent temperature T = 550(50)◦ C. The maxi-
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FIG. 1. (a) Relevant atomic transitions in 88Sr, with approximate wavelengths noted. The lasers described in this paper
address the 3P2 to
3S1 transition near 707 nm (shown in red), and the
1S0 to
1P1 transition near 461 nm (shown in blue). (b)
Diagram of experimental apparatus. The extended-cavity diode laser at 707 nm is stabilized to the 3P2 to
3S1 transition by
Doppler-free FM spectroscopy. Chopping of the pump beam reduces DC offsets and associated sensitivity to DC offset drifts.
mal transmission dip with no pump is roughly 5%. When
the pump is unblocked, a Doppler-free transmission peak
appears in the center of the broader transmission dip.
The peak is about 1% of the total transmission signal.
Frequency modulation spectroscopy is employed to
provide a robust error signal for frequency stabilizing the
laser to the Doppler-free feature. The laser current is
modulated at fm = 5 MHz to generate frequency mod-
ulation sidebands that appear on both the pump and
probe. Figure 2b shows the resulting error signals af-
ter demodulation of the photodiode signal at fm using a
mixer (Minicircuits ZPRD-1). The output of the mixer
is shown here for a single sweep after filtering with a
single-pole RC low pass filter with corner frequency of
ff = 1.5 kHz or noise equivalent bandwidth NEB =
2.4 kHz. The signal is amplified prior to demodulation by
41 dB (Minicircuits ZKL-1R5.) The signals with (thick
black) and without (thin blue) the pump are shown and
are roughly the derivatives of the transmission signals in
Fig. 2a.
The current modulation of the laser produces both an
FM and AM response. The AM component of the mod-
ulation produces much of the large DC offset in Fig. 2b.
This DC offset can vary in time leading to frequency
errors in the lock point, for instance with slowly drift-
ing laser cavity geometry or other optical etalons in the
probe optical path. To suppress these drifts, the pump
passes through an fs=80 MHz AOM and the diffracted
first order (80 MHz lower in frequency than the probe) is
utilized as the pump beam with all other orders blocked.
The AOM chops the pump on and off with 50% duty cy-
cle at fc = 99.0 kHz by switching the 80 MHz rf on and
off using a fast TTL-driven switch (Minicircuits ZASWA-
2-50DR.) The final error signal used for locking the laser
is shown in Fig. 2c and is recovered by a second demodu-
lation step at fc (using a Minicircuits ZAD-8 mixer). The
error signal shown is a single sweep filtered as before with
corner frequency ff = 1.5 kHz.
The chopping at fc suppresses the DC offset by a factor
100 to roughly -2 mV. The DC offset can be converted
to a frequency error of 2 MHz using the central slope
of the error signal α = 1.1 MHz/mV. Reducing the DC
offset makes the lock point much more stable in time.
The peaks of the dispersive error signal are separated by
160 MHz, and the error signal maintains the correct sign
for locking over a range of roughly ±800 MHz. The ex-
tended range (relative to approximately ±150 MHz with-
out chopping of the pump at fc) allows the laser to more
robustly recover from large transient perturbations such
as dropping metal objects on the optical table and also
facilitates the pre-alignment of the laser frequency before
engaging the feedback loop.
For applications where current modulation of the laser
is unacceptable, we have used a phase modulator (AR
coated lithium niobate crystal) in the probe path. At
the cost of additional complexity, this approach elimi-
nates the 5 MHz sidebands imposed on the laser by direct
current modulation and produces very similar results.
The error signal is used in a single integrator feedback
loop with unity gain frequency of approximately 1.6 kHz,
roughly matched to the low pass filter used to display the
error signals in Fig. 2. The same correction signal is ap-
plied to both the laser current and a piezo adjusting the
grating angle, with the relative magnitude of the feed-
back chosen to optimize the mode hop free tuning range
of the laser (approximately 5 GHz).
Figure 3 shows the measured power spectrum of the
error signal both in closed loop (red traces) and in open
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FIG. 2. Transmitted power and error signals versus laser fre-
quency. (a) The transmitted probe power exhibits a Doppler
broadened linewidth when the pump laser is blocked (blue,
thin), and a narrower Doppler free feature (black, thick)
when the counter-propagating pump is not blocked. (b) The
demodulated FM-spectroscopy signals without pump (blue
thin) and with pump (black thick.) The modulation and de-
modulation here is only at fm (c) The FM spectroscopy error
signal after an additional chopping of the pump and demodu-
lation stage at fc. The DC offset is significantly reduced, and
the capture range is increased. As expected, the zero of the
error signal is displaced from the fitted center of the doppler
broadened profile (thin blue) in (a) by fs/2 = 40 MHz due to
the AOM’s 80 MHz shift of the pump frequency.
loop, with the laser tuned well outside of atomic reso-
nance (black traces). The fitted slope of the error signal
(91 kHz/mV for the lithium niobate phase modulator
configuration used for this data) has been used to con-
vert voltage noise to instantaneous frequency noise.
There are several features to note in the closed loop er-
ror signal’s power spectrum. First, the broadband noise
is mainly due to photon shot noise in the probe (80% of
the noise variance) with a small additional contribution
from the 2.3 pA/
√
Hz input current noise of the AD8015
transimpedance amplifier at fm (20% of the noise vari-
ance). Below the unity gain frequency, this noise is im-
posed on the laser’s actual optical frequency, as can be
seen in Figure 3a from the dip in the flat noise floor at
low frequencies. We estimate that the broadband noise
generates fluctuations in the laser frequency of 1.7 MHz
rms at 1 kHz noise equivalent bandwidth. This is much
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FIG. 3. (color online) Power spectral density of instantaneous
frequency noise of the 707 nm error signal in lock (red) and
out of lock and off resonance with atomic transition (black).
(a) Broadband measurement noise is imposed on the laser fre-
quency at frequencies below ∼ 1 kHz when in lock. This con-
tributes 1.7 MHz rms fluctuations on the laser frequency in a
1 kHz noise equivalent bandwidth. (b) Chopping of the pump
produces a peak in the error signal spectrum at fc = 99 kHz.
An intermodulation between the frequency modulation at fm
and the chopping leads to an additional peak near 50 kHz due
to an intermodulation between fc and fm. The peaks are well
outside of the feedback bandwidth.
less than the excited state linewidth Γ = 13.2 MHz. The
servo bandwidth is chosen as a compromise between sup-
pressing ambient acoustic noise and actually imposing
additional frequency noise on the laser.
We also note that the noise spectra exhibit large spikes
near 50 kHz and at 99 kHz. The 99 kHz frequency com-
ponent arises directly from the modulation and demodu-
lation at fc. The 50 kHz spikes arise from an intermod-
ulation product between the 5 MHz modulation and the
99 kHz chopping. For small changes in fm and fc the
frequency of these peaks change in the relative ratio of
1:1 and roughly 50:1 respectively, such that the 50 kHz
spike’s frequency changes rapidly with small changes in
fc. The value of fc was tuned to maximize the frequency
of the intermodulation signals so that they are well above
the unity gain frequency of the laser frequency servo and
therefore would not be imposed onto the laser. Using
phase coherent synthesizers for fm and fc, it should be
possible to phase coherently cancel this intermodulation
product. However, assuming a single integrator feedback
loop, these peaks generate an rms frequency deviation
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FIG. 4. Error signal derived from polarization spectroscopy
of the 1S0 to
1P1 transition at 461 nm, using the same hollow
cathode as used for the 707 nm lock.
of the laser of 400 kHz rms and the present approach is
sufficient.
We find that the use of the 707 nm repump laser in-
creases the steady-state 1S0 MOT population by a factor
of four. The use of a second repump laser at 679 nm
in addition to the 707 nm repump allows an additional
factor of ten population increase.
The same hollow cathode lamp is shared with a po-
larization spectroscopy setup that stabilizes a 461 nm
laser to the 1S0 to
1P1 transition (actual wavelength of
460.862 nm) in a manner very similar to that described
in [11]. The 707 nm and 461 nm beams are overlapped on
dichroic mirrors but are spatially offset from each other
such that they pass through different parts of the hollow
cathode lamp. The error signal obtained from the 461 nm
spectroscopy is shown in Figure 4. The 461 nm pump and
probe beam powers are 1 mW and 50 µW, respectively.
The waist size for both beams is 0.2 mm. As with the
707 nm spectroscopy setup, the pump beam is chopped
at 99 kHz to provide supression of background offsets.
The central slope of the error signal is 800 MHz/V.
The extra lobes on the error signal at roughly the width
of the Doppler-broadened absorption feature are unex-
pected. One possible explaination is that they are due to
pump photons scattered by the high optical depth (96%
absorption on resonance) gas within the hollow cathode
lamp.
The error signal has a flat 5.6 kHz/
√
Hz noise floor.
The noise has roughly equal contributions of photon shot
noise and white noise on the balanced photodiode detec-
tor. This noise contributes 180 kHz of added noise to the
laser for feedback of 1 kHz noise equivalent bandwidth.
This is much less than the 32 MHz half-linewidth of the
1S0 to
1P1 transition.
In conclusion, we present a simple and robust method
for stabilizing a laser to the 707.202 nm transition in
strontium, with future applications for a broad range of
precision and many-body physics in laser-cooled stron-
tium atoms. We have also used a separate laser to suc-
cessfully observe error signals for the 3P1 and
3P0 to
3S1 transitions at 688 and 679 nm respectively, although
the signal to noise in the present configuration precluded
stabilization to the error signal with > 10 Hz bandwidth.
Future optimizations may increase the signal to noise for
locking, perhaps by utilizing a hybrid lock utilizing the
locked 707 nm light as a counter propagating pump for
probe light at 688 or 679 nm.
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